INTRODUCTION
Wnts constitute a large family of secreted proteins that elicit evolutionarily conserved intracellular signaling and affect diverse cellular responses during development. Wnt signaling also plays critical roles in various physiological and pathological processes in adult organisms, including stem cell self-renewal/differentiation, degenerative diseases, and carcinogenesis (Blanpain et al., 2007; Clevers, 2006; Logan and Nusse, 2004) . The b-catenin-dependent canonical Wnt pathway is the most understood signaling cascade initiated by Wnt proteins. Upon Wnt stimulation, cytosolic b-catenin is stabilized and translocates to the nucleus, where it binds to T cell factor/Lymphoid enhancer factor (Tcf/Lef) and induces Tcf/Lef-dependent transcription (Logan and Nusse, 2004) . This canonical Wnt signaling is mediated by two types of cell surface receptors, the Frizzled (Fz) family of serpentine proteins and the single-transmembrane protein lowdensity lipoprotein receptor-related protein 5/6 (LRP5/6) (Angers and Moon, 2009; MacDonald et al., 2009) .
Recent studies have revealed a role of Wnt signaling in the regulation of mammalian aging. Wnt/b-catenin signaling is augmented in a mouse model of accelerated aging (Liu et al., 2007) , and inhibition of canonical Wnt signaling reverses the aging-associated impairment of skeletal muscle regeneration (Brack et al., 2007) . Moreover, this age-related activation of Wnt signaling was attributed to the substance(s) in the serum that binds to the extracellular cysteine-rich domain (CRD) of Fz (Brack et al., 2007) . However, because Wnt proteins tightly bind to the cell surface and/or extracellular matrix and are thought to act in a short-range manner (Kikuchi et al., 2007; White et al., 2007) , the substance(s) in the serum that activates Wnt signaling was assumed to be distinct from classical Wnt proteins.
Here, we show that complement C1q is an activator of Wnt signaling. C1q activates canonical Wnt signaling by binding to Fz receptors and subsequently inducing C1s-dependent cleavage of the ectodomain of LRP6. Serum C1q concentration and the expression of C1q in various tissues are increased with aging, which are associated with increased Wnt signaling activity in serum and in multiple tissues during aging. We further demonstrate that activation of Wnt signaling by C1q accounts for the A B C D Eimpaired regenerative capacity of skeletal muscle in aged mice. These results suggest that C1q activates Wnt signaling and modulates mammalian aging-related phenotypes.
RESULTS

Complement C1q Is a Fz-Binding Protein in the Serum
Consistent with a previous report (Brack et al., 2007) , mouse and human serum activated canonical Wnt signaling, as assessed by the TOPFLASH reporter gene assay that reflects Tcf/Lefdependent transcription ( Figure 1A ). Human serum-induced activation of Wnt signaling was partly suppressed by a Fz8 CRD-IgG/Fc fusion protein (Fz8/Fc), but not by IgG/Fc (Figure 1B) , and serum from aged mice showed higher TOPFLASH activity than serum from young mice ( Figure 1C ). We also found that the serum obtained from two different mouse models of heart failure more potently increased TOPFLASH activity compared with serum from aged mice ( Figure 1D ). We therefore hypothesized that the serum of mice with heart failure contains the Wnt activator more abundantly than that of aged mice, and we used the former as a starting material to isolate the Wnt activator in the serum. Precipitation of Fz8/Fc-binding proteins followed by SDS-PAGE identified a 26 kDa protein that was upregulated in the serum from mice with heart failure ( Figure 1E ). Mass spectrometric analysis revealed that this 26 kDa protein was complement C1qa, which is a major constituent of complement C1q. C1q is composed of 18 polypeptides: 6 C1qa, 6 C1qb, and 6 C1qc chains, each encoded by 3 individual genes. Although C1q is known to bind to Fc portion of aggregated immunoglobulins, purified C1q was precipitated by Fz8/Fc and a Fz8 CRD-alkaline phosphatase (AP) fusion protein, but not by IgG/Fc or AP protein in a pull-down assay (Figures 1F and 1G and Figures S1A and S1B available online) , indicating that C1q binds to CRD of Fz8. C1q also bound to CRD of other Fz receptors such as Fz1, 2, 4, and 7 ( Figure S1C ).
Complement C1q Is an Activator of Canonical Wnt Signaling
We next investigated whether C1q is a specific ligand for Fz receptors. A binding assay demonstrated that the interaction between C1q and Fz8 CRD was specific and saturable (Figure 1H) . A Scatchard plot analysis revealed that C1q has a single binding site for Fz8 CRD, with a binding affinity comparable to that of Wnt3A (Kd C1q : 2.8 nM, Kd Wnt3A : 1.25 nM) ( Figures  1I, S1D , and S1E). A heterologous competition assay revealed that C1q and Wnt compete with each other for the binding to Fz8 CRD ( Figure S1F ). Purified C1q dose dependently increased TOPFLASH activity ( Figure 1J ), stabilized cytosolic b-catenin ( Figure 1K) , and increased the expression of Axin2, a well-established target gene of canonical Wnt signaling ( Figure 1L ). C1q-induced TOPFLASH activity was inhibited by Fz8/Fc or Dkk1 ( Figure 1J ). These results strongly suggest that C1q is a Fzbinding protein that activates canonical Wnt signaling.
Despite the similar binding affinity to Fz receptor, doseresponse curves of C1q and Wnt3A on TOPFLASH activity revealed that the EC 50 of C1q on activation of Wnt signaling (259 nM) was 200-fold higher than that of Wnt3A (1.27 nM) ( Figures 1M and 1N ). Based on the mode of C1q activation by immunoglobulins or SIGN-R1 (Duncan and Winter, 1988; Kang et al., 2006; Schumaker et al., 1986) , in which the binding of multiple or aggregated immunoglobulins or SIGN-R1 to C1q initiates C1q activation, we hypothesized that increasing the amount of Fz receptors may promote C1q-induced activation of Wnt signaling. Indeed, overexpression of Fz8 decreased the EC 50 of C1q by 13-fold (259 nM to 22.8 nM), whereas the EC 50 of Wnt3A was less affected (1.27 nM to 0.852 nM) ( Figures 1M and 1N ). These results suggest that the mode of Wnt signaling activation by C1q is distinct from that by Wnt3A and is affected by the cellular context, including the density of Fz receptors.
C1q Mediates Serum-Induced Activation of Wnt Signaling In Vitro and Maintains Basal Wnt Signaling Activity in Multiple Tissues In Vivo
We assessed whether serum-induced activation of Wnt signaling is attributable to C1q. C1q-depleted serum or serum treated with Fz8/Fc showed lower TOPFLASH activity compared with normal serum and C3-or C5-depleted serum, and addition of Fz8/Fc to C1q-depleted serum did not further reduce TOPFLASH activity ( Figure 2A ). Likewise, serum from C1qa-deficient mice showed lower TOPFLASH activity compared with serum from wild-type A-D) TOPFLASH assay. Mouse and human serum (10%) and Wnt3A protein (10 ng/ml) activated canonical Wnt signaling to the same degree (A). Activation of Wnt signaling by human serum was suppressed by Fz8/Fc (500 ng/ml). *p < 0.05 versus human serum (B). Serum-induced Wnt signaling activity was higher in aged mice (C) and in mice with heart failure (D). Data are presented as mean ±SD. PO, mice with pressure overload; DCM, mice with dilated cardiomyopathy. (E) Silver staining of SDS-PAGE gel. Serum obtained from control mice and mice with heart failure were incubated with Fz8/Fc and precipitated by protein G. SDS-PAGE of the precipitates revealed that the amount of a protein of 26 kDa (arrowhead) was increased in the serum from mice with heart failure. PO, mice with pressure overload; DCM, mice with dilated cardiomyopathy. (F and G) Pull-down assay. C1q was precipitated by Fz8/Fc, but not by IgG/Fc (F). C1q was precipitated by Fz8 CRD-AP, but not by AP (G). (H and I) Binding kinetics of C1q to Fz8 CRD. A binding curve (H) and a Scatchard plot (I) are shown. (J) TOPFLASH assay. C1q dose dependently activated canonical Wnt signaling, which was blocked by Fz8/Fc (20 mg/ml) or Dkk-1 (20 ng/ml). Data are presented as mean ±SD. *p < 0.01 versus of C1q (100 mg/ml). (K) b-catenin stabilization assay. b-catenin stabilization assay was performed in HEK293 cells 1 hr after C1q stimulation (200 mg/ml). (L) Axin2 mRNA levels. C1q (100 mg/ml) and Wnt3A (10 ng/ml) activate canonical Wnt signaling to the same degree as assessed by Axin2 mRNA induction in HEK293 cells. Axin2 mRNA was assessed 24 hr after stimulation. Data are presented as mean ±SD. (M and N) Dose-response curves of C1q and Wnt3A on TOPFLASH activity. Fz8 overexpression induced marked leftward shift of the response curve of C1q-induced TOPFLASH activity (M) but had minimal effects on that of Wnt3A-induced TOPFLASH activity (N). See also Figure S1 . or C3-deficient mice at the age of 3 months ( Figure S2 ). Moreover, augmentation of serum TOPFLASH activity by aging was not observed in C1qa-deficient mice ( Figure 2B ). Thus, C1q mediates serum-induced activation of Wnt signaling and accounts for increased Wnt signal activation by serum from aged mice. We also assessed the activation of Wnt signaling by analyzing cytosolic b-catenin level at 1 hr after the treatment with serum because TOPFLASH assay is performed at relatively later time points after serum stimulation and therefore may be affected by other factors that indirectly modulate Tcf/Lef-dependent transcription. Indeed, unlike TOPFLASH assay, serum-induced activation of Wnt signaling as assessed by b-catenin stabilization was almost completely blunted by Fz8/Fc or C1q depletion, but not by C3 or C5 depletion, which was fully recovered by the addition of C1q ( Figures 2C-2F ). These results further support the notion that C1q is responsible for serum-induced activation of canonical Wnt signaling.
We further investigated whether activation of Wnt signaling by C1q is physiologically relevant in vivo. Real-time PCR analysis revealed that expression levels of Axin2 gene were decreased in various tissues of C1qa-deficient mice, but not in those of C3-deficient mice, most notably in spleen, intestine, lymph nodes, and skeletal muscle ( Figure 2G ). This result suggests that basal activity of canonical Wnt signaling is at least in part dependent on C1q and underscores the physiological relevance of C1q-induced Wnt signaling activation in vivo.
C1q Mediates Augmented Wnt Signaling Activity Associated with Aging
We next examined whether C1q mediates augmented Wnt signaling activity during aging. ELISA and western blot analysis revealed that serum C1q concentration was increased with aging ( Figures 3A and 3B ). It was previously reported that cells of the monocyte/macrophage lineage are the major source of serum C1q (Petry et al., 2001) . Indeed, expression levels of C1q in peritoneal macrophages were higher in 1-year-old and 2-year-old mice than in young mice (2-months-old) ( Figure 3C ), consistent with the observation that serum C1q levels were upregulated at these ages (Figures 3A and 3B) . Expression levels of C1q were upregulated in various tissues of 2-year-old mice ( Figure 3D ), suggesting that upregulation of C1q in macrophages causes an initial increase in serum C1q levels and that C1q produced in other tissues at later stages may contribute to a further increase in serum C1q levels.
We also assessed whether C1q is responsible for age-associated augmentation of Wnt signaling activity. An age-associated increase in Axin2 mRNA was observed in various tissues of wild-type mice. On the other hand, there was no significant difference in Axin2 mRNA levels between young and aged C1qa-deficient mice in all tissues examined ( Figure 3E ). Thus, C1q is responsible for augmented Wnt signaling activity in multiple tissues of aged animals.
C1q Activates Canonical Wnt Signaling by Inducing C1s-Dependent Cleavage of the Extracellular Domain of LRP6
The complement system is one of the major components of the mammalian immune responses and plays a pivotal role in innate immunity (Walport, 2001) . The classical complement pathway is triggered by C1, which is composed of C1q and two proenzymes, C1r and C1s. Conventionally, C1q binds to aggregated immunoglobulins, which leads to conformational change and subsequent activation of C1q (Duncan and Winter, 1988; Schumaker et al., 1986) . Upon C1q activation, C1r undergoes autoactivation and, in turn, cleaves and activates C1s. C1s then cleaves C2 and C4 to instigate following activation steps of the complement system. We therefore tested whether C1r/C1s is involved in C1q-induced activation of Wnt signaling. Consistent with the observation that purified C1q activates Wnt signaling in a serum-free condition (where no exogenous C1r/C1s is thought to exist) ( Figures 1J-1L ), western blot analysis revealed that both C1r and C1s are expressed in the target cells and secreted into the culture media ( Figure 4A ). Knockdown of C1r/C1s by siRNAs totally blunted C1q-induced cytosolic b-catenin stabilization and TOPFLASH activation (Figures 4B and 4C) . Likewise, addition of C1 inhibitor (C1-INH), an endogenous inhibitor of C1r and C1s, or a neutralizing antibody against C1s (M241) (Matsumoto and Nagaki, 1986 ) strongly inhibited C1q-induced activation of Wnt signaling ( Figure 4D ). To test whether C1s is activated upon C1q-Fz interaction, we treated NIH 3T3 cells with C1q and C4 in a serum-free condition. C4 is a target of C1s, and its cleaved product, C4b, covalently binds to the cellular surface after cleavage. We found that overexpression of Fz8 pronouncedly enhanced C4b deposition on the cellular surface (Figures 4E and 4F) . These results suggest that endogenous C1r and C1s are activated upon C1q-Fz binding and that C1q-induced activation of Wnt signaling requires protease activity of C1s.
In addition to C2 and C4, C1s has been reported to cleave other cell surface proteins such as major histocompatibility complex (MHC) class I molecules (Eriksson and Nissen, 1990) . Because deletion of the extracellular domain of LRP6 results in constitutive activation of canonical Wnt signaling (Liu et al., 2003; Mao et al., 2001) , we tested whether LRP6 is the target of C1s. Treatment of LRP6 extracellular domain-IgG/Fc fusion protein with active C1s resulted in the appearance of two major cleaved products ( Figure 4G ), and N-terminal amino acid sequencing revealed that LRP6 was cleaved between Arg792 and Ala793 in the third b-propeller domain. The C1s cleavage site of LRP6 was conserved in various species, and similar sequences were also found in the third b-propeller domain of LRP5 ( Figure 4H ). The C1s cleavage site of LRP6 is adjacent to the Dkk1-binding site (Ahn et al., 2011; Chen et al., 2011) . However, the inhibitory effect of Dkk1 on C1q-induced Wnt activation ( Figure 1J ) does not appear to be due to the direct inhibition of LRP6 cleavage because Dkk-1 did not have major impact on in vitro cleavage of LRP6 by C1s (data not shown).
(G) Expression levels of Axin2 mRNA in various tissues of 3-month-old wild-type (n = 8), C1qa-deficient (n = 8), and C3-deficient (n = 4) mice. Expression levels of Axin2 gene expression were lower in various tissues of C1qa-deficient mice, but not in those of C3-deficient mice. Data are presented as mean ±SD. *p < 0.05 compared with wild-type mice. L.N., lymph node; SkM, skeletal muscle. See also Figure S2 . (C and D) Western blot analysis of C1q in peritoneal macrophages (C) and in various tissues (D) derived from wild-type mice at different ages. C1q expression in macrophages and skeletal muscle was increased at 1 year of age, whereas a robust increase in C1q expression in other tissues was observed at 2 years of age.
(E) Expression levels of Axin2 mRNA in various tissues from young (3 months old) and aged (2 years old) wild-type (young, n = 8; aged, n = 4) and C1qa-deficient mice (young, n = 8; aged, n = 3). Axin2 gene expression was increased with aging in multiple tissues of wild-type mice (WT), but not in those of C1qa-deficient mice (C1qKO). L.N., lymph node; SkM, skeletal muscle. Data are presented as mean ±SD. *p < 0.05 compared with young wild-type mice. (A) HepG2 cells were cultured and stimulated with or without C1q (100 mg/ml) in a serum-free condition for 24 hr. Culture media and total cell lysate were analyzed by western blotting. Both C1r and C1s protein were observed in the culture media under serum-free condition.
(B) b-catenin stabilization assay. HepG2 cells transfected with control siRNA (Con) responded to C1q (100 mg/ml), but those transfected with siRNAs against C1r and C1s (C1r/s) did not.
We also assessed whether C1q induces cleavage of endogenous LRP6 in HepG2 cells. C1q-induced activation of Wnt signaling was associated with the appearance of cleaved N-terminal fragment of LRP6 (100 kDa) in culture media, which was detected by an antibody raised against extracellular portion of LRP6 (LRP6 ECD Ab), but not by an antibody against LRP6 intracellular domain (LRP6 ICD Ab) ( Figure 5A ). When cells were treated with C1q in the presence of a lysosomal inhibitor Chloroquine, LRP6 ICD Ab detected a protein compatible in size with the C-terminal cleaved fragment of LRP6 (140 kDa) in the membrane/organelle fraction ( Figure 5B ). Notably, there was no apparent change in the expression levels of full-length LRP6 by C1q treatment, and this band was not observed in the absence of Chloroquine or when the cells were treated with Wnt3A ( Figure 5B ). Thus, a relatively small fraction of LRP6 is cleaved by C1s following C1q treatment, and the resultant C-terminal fragment of LRP6 produced by C1s cleavage appears to be subjected to lysosomal degradation.
We next tested whether serum induces cleavage of LRP6 in a C1q-dependent manner. HepG2 cells were transfected with N-terminally myc-tagged LRP6 and treated with serum. Western blot analysis following immunoprecipitation with anti-myc antibody revealed that the cleaved product of LRP6 was detected in the culture media following treatment with normal serum, but not with C1q-depleted serum ( Figure 5C ). The ability to cleave LRP6 was fully recovered after restoring C1q to C1q-depleted serum ( Figure 5C ). The N-terminal fragment of endogenous LRP6 was also detected in the serum from wild-type mice, but not in C1qa-deficient mice, and the concentration of LRP6 C-terminal cleaved fragment was increased by 2-fold in aged mice compared with young mice (Figures 5D and 5E ). These observations indicate that both serum-induced LRP6 cleavage in vitro and an age-dependent increase in LRP6 cleavage in vivo occur in a C1q-dependent manner.
To examine whether LRP6 cleavage by C1s is sufficient for Wnt signaling activation by C1q, we generated a LRP6 deletion mutant that lacks amino acids 21-792 (Del-LRP6). Transfection of Del-LRP6 increased Wnt signaling activity by 47-fold compared with wild-type LRP6 (WT-LRP6) ( Figure 5F ), suggesting that cleavage of LRP6 between Arg792 and Ala793 is sufficient for activation of canonical Wnt signaling. As phosphorylation of the intracellular region of LRP5/6 is a hallmark of LRP5/6 activation (Tamai et al., 2004; Zeng et al., 2005) , we investigated the phosphorylation status of LRP6 after C1q stimulation. When the cells were treated with C1q together with Chloroquine for 3 hr, phosphorylation of cleaved LRP6 C-terminal fragment (140 kDa) was detected ( Figure S3A ). Of note, we found that phosphorylation of full-length LRP6 was also increased following C1q treatment ( Figure S3A ). Moreover, transfected Del-LRP6 was strongly phosphorylated even in the absence of Wnt3A stimulation ( Figure S3B ) and induced the phosphorylation of simultaneously transfected full-length WT-LRP6 ( Figure S3C ). These results suggest that a relatively small amount of cleaved LRP5/6 fragment may amplify Wnt signaling by inducing the phosphorylation of uncleaved LRP5/6.
To test whether LRP6 cleavage by C1s is required for C1q-induced activation of Wnt signaling, we generated a C1s-resistant LRP6 mutant in which Arg792 and Ala793 were substituted to glycines (Mt-LRP6). Overexpression of WT-LRP6 or Mt-LRP6 induced an 7-fold increase in TOPFLASH activity ( Figure S3D ). Although WT-LRP6-transfected cells and Mt-LRP6-transfected cells responded to Wnt3A treatment similarly, C1q treatment strongly enhanced TOPFLASH activity (18-fold) in WT-LRP6-transfected cells but only marginally in Mt-LRP6-transfected cells (1.7-fold) ( Figures 5G, 5H, and S3D ). This slight increase in C1q-induced TOPFLASH activity in Mt-LRP6-transfected cells presumably reflects the activation of Wnt signaling mediated by cleavage of endogenous LRP6. These results suggest the requirement of LRP6 cleavage in C1q-induced activation of Wnt signaling.
We next tested the requirement of C1r, C1s, LRP5/6, and Fz receptors in C1q-induced LRP6 cleavage and subsequent activation of Wnt signaling by siRNA-mediated knockdown of C1r, C1s, LRP5, and LRP6 ( Figure S3E ) or by overexpression of Shisa protein to reduce cell surface Fz receptors (Yamamoto et al., 2005; Zeng et al., 2008) . The amount of C-terminal (LRP6 ICD) and N-terminal (LRP6 ECD) cleaved forms of LRP6 following C1q treatment was dramatically decreased by C1r/C1s knockdown, LRP5/6 knockdown, or Shisa overexpression ( Figure 5I ), which was associated with inhibition of C1q-induced b-catenin stabilization and TOPFLASH activation ( Figure 5J ). These results collectively suggest that C1q binding to Fz receptors results in the activation of C1r/C1s, which cleaves LRP5/6 and produces N-terminal truncated form of LRP5/6, leading to activation of canonical Wnt signaling ( Figure 5K ).
C1q Activates Wnt Signaling in Skeletal Muscle and Exhibits Differential Effects on Satellite Cells and Fibroblasts
Activation of Wnt signaling in skeletal muscle was shown to mediate a decrease in regenerative capacity and an increase in (C) TOPFLASH assay. HEK293 cells transfected with control siRNA (siCon) responded to both C1q (100 mg/ml) and Wnt3A (10 ng/ml), but those transfected with siRNAs against C1r and C1s (siC1r/s) responded to Wnt3A, but not to C1q. Data are presented as mean ±SD. (D) TOPFLASH assay. Activation of Wnt signaling by C1q (100 mg/ml) was inhibited by an endogenous C1-inhibitor (C1-INH: 100 mg/ml) or by a neutralizing antibody against C1s (M241: 100 mg/ml). Data are presented as mean ±SD. *p < 0.01 versus C1q alone. (E and F) C4 cleavage assay. C4b deposition on the cell surface was assessed by immunostaining (E) or ELISA (F). C4b deposition was increased after tissue fibrosis associated with aging (Brack et al., 2007) . We examined the effects of C1q treatment on skeletal muscle satellite cells and fibroblasts because these cell types play important roles during skeletal muscle regeneration, the former being the source of new myocytes and the latter being responsible for fibrotic change of the regenerating tissue. We isolated satellite cells and fibroblasts from skeletal muscle of young mice and treated them with C1q or Wnt3A. Both treatments stabilized cytosolic b-catenin ( Figure 6A ) and increased Axin2 gene expression ( Figure S4A ) in these cell types. Serum from aged mice also stabilized cytosolic b-catenin and increased Axin2 gene expression more potently than serum from young mice, and this effect of serum from aged mice was inhibited by M241 ( Figures 6B and S4B ). These results suggest that C1q activates Wnt signaling both in satellite cells and fibroblasts and that C1q accounts for increased Wnt signaling activation by serum from aged mice in these cells. We also tested whether C1q activates Wnt signaling in skeletal muscle in vivo using TOPGAL mice, which express b-galactosidase (b-gal) transgene under the control of Tcf/Lef-binding sites. For C1q application, we placed hydrogel containing C1q on the gastrocnemius muscle. Interestingly, C1q treatment alone did not activate Wnt signaling in skeletal muscle of young mice. However, 2 days after cryoinjury, Wnt signaling activity was slightly increased in injured skeletal muscle of control mice and was robustly enhanced in mice treated with C1q ( Figures 6C  and 6D ). Real-time PCR analysis revealed that the expressions of C1r and C1s, but not lrp5 or lrp6, were markedly upregulated after injury ( Figure 6E ), suggesting that induction of C1r and C1s contributes to the enhanced Wnt signaling activation by C1q in injured muscle.
We next examined the effect of C1q-induced activation of Wnt signaling on satellite cells and fibroblasts derived from skeletal muscle in vitro. We found that C1q and Wnt3A attenuated satellite cell proliferation, whereas they stimulated fibroblast proliferation ( Figures 6F and 6G ). C1q and Wnt3A also increased the collagen production/release from fibroblasts ( Figure 6H ). Likewise, serum from aged mice attenuated satellite cell proliferation, stimulated fibroblast proliferation, and increased collagen production in fibroblasts, and these effects were abolished by M241 treatment (Figures 6I-6K ). We also found that C1q treatment decreased the number of proliferating satellite cells and increased the number of proliferating fibroblasts in skeletal muscle in vivo ( Figures 6L, 6M, S4C, and S4D ). Taken together, reduced regenerative capacity associated with increased fibrosis in the skeletal muscle of aged organisms may be explained by differential effects of C1q-induced activation of Wnt signaling on satellite cells and fibroblasts.
C1q Mediates Impaired Skeletal Muscle Regeneration Associated with Aging
We then examined whether C1q mediates reduced regenerative capacity of skeletal muscle associated with aging. When the gastrocnemius muscle of young mice was cryoinjured and treated with C1q, canonical Wnt signaling was activated (Figure 7A ). C1q treatment also strongly impaired regeneration and promoted fibrotic change in skeletal muscle ( Figure 7B ). Enhanced tissue fibrosis was also evidenced by increased expression of Col3a1 gene and increased soluble collagen content in the regenerating muscle ( Figures 7C and 7D ). Activation of Wnt signaling and impairment of skeletal muscle regeneration after C1q treatment was also observed in C3-deficient mice ( Figures 7A-7D) , suggesting that the effect of C1q treatment on skeletal muscle regeneration is independent of the classical complement pathway activation.
We also cryoinjured the gastrocnemius muscle of aged wildtype and C1qa-deficient mice and placed the hydrogel containing either M241 or an anti-C5 antibody (BB5.1) that prevents the cleavage of C5. The former inhibits C1s and blocks both C1q-induced activation of Wnt signaling and the activation of the classical complement pathway, whereas the latter selectively blocks the classical complement pathway. C1s inhibition or C1qa gene disruption, but not the inhibition of complement activation, attenuated Wnt signaling activity in skeletal muscle and improved skeletal muscle regeneration with reduced tissue fibrosis following cryoinjury on aged mice (Figures 7E-7H ). These results suggest that C1q-induced activation of Wnt signaling, but not C1q-triggered classical complement pathway (C) Western blot analysis of the N-terminal cleaved form of LRP6 in culture media. N-terminal cleaved form of LRP6 was detected in culture media conditioned by cells treated with normal human serum, but not with C1q-depleted serum. Addition of purified C1q protein (100 mg/ml) to C1q-depleted serum restored the activity to cleave LRP6. IgHC, immunoglobulin heavy chain. (D and E) N-terminal cleaved fragment of LRP6 in the serum was analyzed by western blotting (D) and ELISA (E). In wild-type (WT) mice, the amount of cleaved form of endogenous LRP6 ectodomain was increased by 2-fold in serum from aged mice (2 years old: 130 ng/ml) compared with serum from young mice (2 months old: 60 ng/ml). Cleaved LRP6 was not detected in the serum from young C1qa-deficient mice. Data are presented as mean ±SD. (F-H) TOPFLASH assay. Overexpression of N-terminal truncated LRP6 (Del-LRP6) resulted in enhanced activation of Wnt signaling compared with wild-type LRP6 (WT-LRP6) (F). Cells transfected with WT-LRP6 responded to both C1q (100 mg/ml) and Wnt3A (10 ng/ml) (G), whereas those transfected with C1s-resistant LRP6 (Mt-LRP6) responded to Wnt3A, but not to C1q (H). Data are presented as mean ±SD. (I) Western blot analysis of C-terminal LRP6 fragment in the membrane/organelle fraction and N-terminal LRP6 fragment in the culture media after treatment of HepG2 cells with C1q (100 mg/ml). Both C-terminal and N-terminal LRP5/6 fragments were not detected in cells transfected with siRNAs against C1r and C1s (C1r/s), LRP5 and LRP6 (LRP5/6), or cells transfected with Shisa (Shisa O/E). An arrow indicates C-terminal LRP6 fragment, and an arrowhead indicates N-terminal LRP6 fragment. (J) (Top) b-catenin stabilization assay. HepG2 cells transfected with control siRNA (Con) responded to C1q (100 mg/ml), but those transfected with siRNAs against C1r and C1s (C1r/s), LRP5 and LRP6 (LRP5/6) or cells transfected with Shisa (Shisa O/E) did not. (Bottom) TOPFLASH assay. HEK293 cells transfected with control siRNA responded to both C1q (100 mg/ml) and Wnt3A (10 ng/ml), whereas those transfected with siRNAs against C1r and C1s (C1r/s) responded to Wnt3A, but not to C1q. Data are presented as mean ±SD. 
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(A and B) b-catenin stabilization assay. Satellite cells and fibroblasts were stimulated with C1q (100 mg/ml) or Wnt3A (10 ng/ml). Both C1q and Wnt3A activated Wnt signaling in these cells (A). Cells were also stimulated with serum derived from young (2 months old) or aged mice (2 years old). The extent of Wnt signaling activation by serum from aged mice was greater than that by serum from young mice, and activation of Wnt signaling by serum from aged mice was attenuated by M241.
activation, mediates reduced regenerative capacity in skeletal muscle associated with aging.
DISCUSSION
The results of our in vitro experiments provide compelling evidence showing that C1q activates Wnt signaling through C1s-dependent cleavage of the ectodomain of LRP6 ( Figure 5K ). The physiological relevance of C1q-induced activation of Wnt signaling in vivo is supported by the following observations. First, an aging-related increase in serum-induced activation of Wnt signaling correlated with an increase in the amount of serum C1q ( Figures 1C, 2B , 3A, and 3B), and the concentration of C1q that was shown to activate canonical Wnt signaling in cell culture experiments (100 mg/ml) was within the physiological range of the serum concentration of C1q in humans and mice ( Figure 3A ) (Borque et al., 1995; Yonemasu et al., 1978) . Second, cleaved product of LRP6 was detected in the serum in wildtype mice, but not in C1qa-deficient mice, and its amount was increased with aging ( Figures 5D and 5E ). Third, the expression of Axin2 gene was downregulated in various tissues of C1qa-deficient mice, but not of C3-deficient mice ( Figure 2G ). Fourth, enhanced Wnt signaling activation by serum and increased Wnt signaling in multiple tissues associated with aging were observed in wild-type, but not in C1qa-deficient mice ( Figures 2B and 3E ). These observations strongly suggest the physiological relevance of C1q-induced activation of Wnt signaling in vivo. Although C1q and Wnt3A bind to Fz receptors with similar affinity (Figures 1I and S1E) , EC 50 value of C1q on TOPFLASH activity cells was much higher than that of Wnt3A ( Figure 1M ). In particular, the extent of Wnt signaling activation induced by 100 mg/ml (200 nM) of C1q and 10 ng/ml (0.2 nM) of Wnt3A was comparable, as determined by Axin2 mRNA induction (Figure 1L ) and TOPFLASH reporter gene assay ( Figure 4C ), which indicates that 1,000 times more C1q molecules are required to activate Wnt signaling to the same extent that Wnt3A does. These apparent discrepancies may be explained by the unique mode of Wnt signaling activation by C1q compared to that by classical Wnt proteins. Activation of Wnt signaling by C1q requires several rate-limiting steps, which include the activation of C1q, C1r, and C1s. For instance, whether conformational change of C1q required for its activation occurs at the cell surface may be affected by the local density of Fz receptors, analogous to the mechanism of C1q activation by immunoglobulins (Duncan and Winter, 1988; Schumaker et al., 1986 ). This notion is consistent with our data showing that increasing the amount of Fz receptors potently decreased the EC 50 value of C1q-induced activation of Wnt signaling ( Figures 1M and 1N) . Activation of C1r and C1s may be affected by their expression levels or by the local concentration of endogenous C1 inhibitor, which is also consistent with our observations that C1q-induced activation of Wnt signaling in skeletal muscle was observed only when the expressions of C1r and C1s were upregulated following injury ( Figures 6C-6E ) and that treatment with C1 inhibitor or knockdown of C1r/C1s reduced Wnt signaling activation by C1q ( Figures 4B-4D and 5J) . Thus, the extent of C1q-induced activation of Wnt signaling is highly context dependent and modulated not only by the concentration of C1q to which target cells are exposed, but also by many factors, including the expression levels of Fz receptors, LRP5/6 coreceptors, C1r, C1s, and C1 inhibitor in target cells.
LRP5/6 mutants lacking the extracellular domain have been reported to be a constitutively active form of canonical Wnt signaling (Liu et al., 2003; Mao et al., 2001 ). Our findings indicate that cleavage of extracellular N-terminal region of LRP5/6 by C1s occurs under physiological situations. Moreover, C1q treatment phosphorylated both cleaved and uncleaved LRP6, and overexpression of truncated LRP6 phosphorylated simultaneously overexpressed full-length LRP6 in the absence of ligand stimulation ( Figures S3A-S3C ), indicating that cleaved LRP5/6 fragment may amplify Wnt signaling by inducing the phosphorylation of (C) X-gal staining of skeletal muscle after injury. Skeletal muscle of young (2 months old) TOPGAL mice was cryoinjured and treated with PBS or C1q (50 mg/ml). X-gal staining showed that b-gal activity was slightly increased 2 days after cryoinjury, which was enhanced by C1q. (D) Quantitative analysis of b-gal activity. TOPGAL mice were treated as in (C), and tissue b-gal activity was measured and corrected with tissue weight. Data are presented as mean ±SD. *p < 0.01 versus sham-operated mice treated with PBS (n = 10). (E) Real-time PCR analysis. Mice were treated as in (C), and the expressions of lrp5, lrp6, C1r, and C1s were analyzed by real-time PCR. Data are presented as mean ±SD. *p < 0.01 versus sham-operated mice (n = 6). (F and G) BrdU incorporation assay in satellite cells (F) and fibroblasts (G). Satellite cells and fibroblasts were stimulated with C1q (100 mg/ml) or Wnt3A (10 ng/ml) for 24 hr. BrdU incorporation during the last 12 hr (satellite cells) or 4 hr (fibroblasts) was assayed by ELISA. C1q and Wnt3A inhibited satellite cell proliferation and stimulated fibroblast proliferation. Data are presented as mean ±SD. *p < 0.01 versus control (n = 4). (H) Collagen concentration in the culture media. After stimulation with C1q (100 mg/ml) or Wnt3A (10 ng/ml) for 24 hr, medium was changed to serum-free medium, and soluble collagen released to the medium was quantified 6 hr later. C1q and Wnt3A increased collagen production in fibroblasts. Data are presented as mean ±SD. *p < 0.01 compared with control (n = 4). (I and J) BrdU incorporation assay in satellite cells (I) and fibroblasts (J). Satellite cells and fibroblasts were cultured and stimulated with serum (5%) for 24 hr. BrdU incorporation was assayed as in (F) and (G). Serum from aged mice reduced satellite cell proliferation and stimulated fibroblast proliferation, which was attenuated by M241. Data are presented as mean ±SD. *p < 0.01 versus serum from young mice. **p < 0.01 versus serum from aged mice (n = 4). (K) Collagen concentration in the culture media. After stimulation with serum for 24 hr, soluble collagen in the medium was assayed as in (H). Serum from aged mice increased collagen production in fibroblasts, which was attenuated by M241 treatment. *p < 0.01 versus serum from young mice. Data are presented as mean ±SD. **p < 0.01 versus serum from aged mice (n = 4). (L and M) Number of proliferating satellite cells (L) and fibroblasts (M) in cryoinjured skeletal muscle of young mice (2 months old) in vivo. Sections were immunostained with M-cadherin (a satellite cell marker), Vimentin (a fibroblast marker), and phospho-histone H3 (pH3) (a mitotic marker). Proliferating satellite cells and fibroblasts were identified as M-cadherin/pH3 double-positive cells and Vimentin/pH3 double-positive cells, respectively. C1q treatment reduced satellite cell proliferation and stimulated fibroblast proliferation in cryoinjured skeletal muscle. Data are presented as mean ±SD. *p < 0.05 versus control (n = 5). See also Figure S4 . uncleaved LRP5/6. Although the precise mechanism by which full-length LRP5/6 is phosphorylated in the presence of cleaved form of LRP5/6 is currently unknown, these observations may, in part, explain the reason why cleavage of a small fraction of LRP5/ 6 by C1q treatment leads to activation of Wnt signaling to the comparable level induced by Wnt3A. In addition to its role in innate immunity, C1q is implicated in the pathogenesis of various diseases, including autoimmunity and neurodegenerative diseases (Nayak et al., 2010) . C1q deficiency in humans is tightly associated with the development of systemic lupus erythematosus (SLE) (Pickering et al., 2000) , and it has been reported that Wnt/b-catenin signaling plays a role in the immune system by regulating T cell development and dendritic cell maturation (Manicassamy et al., 2010; Staal et al., 2008; Xu et al., 2003) . It would be interesting to test whether downregulation of Wnt signaling activity in lymphocytes plays a role in the development of autoimmunity. In the central nervous system, complement system can be both protective and deleterious because it works to eliminate toxic proteins, whereas its sustained activation induces the production of cytokines or oxidative products from microglia (Bonifati and Kishore, 2007) . C1q also mediates synapse elimination during development and is reactivated in the retina of mice with glaucoma (Stevens et al., 2007) . Intriguingly, activation of Wnt signaling in the brain has also been reported to be both protective and deleterious (Boonen et al., 2009) , and Wnt signaling has been shown to exert both positive and negative effects on synapse formation (Klassen and Shen, 2007; Packard et al., 2002) . It remains elusive whether increased activation of canonical Wnt signaling by C1q contributes to aging-associated neurological disorders.
In summary, we have shown that complement C1q is an activator of canonical Wnt signaling and that activation of Wnt signaling by C1q mediates impaired regenerative capacity of skeletal muscle in aged animals. These findings suggest that C1q-induced activation of Wnt signaling plays an important role in other aging-related phenotypes as well as in the pathogenesis of various diseases that are related to augmented Wnt signaling. Likewise, impaired function of C1q may play a pathogenic role in the disease states associated with reduced Wnt signaling. Modulation of C1q-dependent activation of Wnt signaling may provide a therapeutic strategy for diseases linked to dysregulated Wnt signaling.
EXPERIMENTAL PROCEDURES
Cell Culture HEK293, NIH 3T3, and HepG2 cells were cultured in DMEM containing 10% fetal bovine serum. Satellite cells in skeletal muscle were isolated as described (Brack et al., 2007) . Fibroblasts in skeletal muscle were prepared by repeated digestion of skeletal muscle by trypsin.
TOPFLASH Assay
TOPFLASH assay was performed using a HEK293 cell line stably transfected with a luciferase reporter gene under the control of eight Tcf/Lef-binding sites (Super 8XTOPFLASH) (Veeman et al., 2003) . Twenty-four hours after passage, cells were serum starved for 3 hr before stimulation. Luciferase assay was performed 24 hr after stimulation. Luciferase activity was determined using OneGlo (Promega), as described (Naito et al., 2006) . Experiments were performed in triplicate for at least three different samples. Results are shown as the fold induction of the luciferase activity relative to the control.
b-Catenin Stabilization Assay HEK293 or HepG2 cells were used for b-catenin stabilization assay. Twentyfour hours after passage, cells were serum starved for 24 hr before stimulation. At 1 hr after stimulation, cytosolic fraction was obtained by ultracentrifugation.
RNA Analysis
Relative levels of gene expression were quantified by the comparative Ct method using Universal Probe Library (UPL) (Roche) and Light Cycler TaqMan Master kit (Roche).
Protein Analysis
Total cell lysate was collected in lysis buffer containing 1% Triton X-100. Cytosolic and membrane/organelle fraction was obtained by differential centrifugation. Culture medium was concentrated using Amicon Ultra (Millipore) or immunoprecipitated with anti-myc antibody.
Binding Assays
C1q/Wnt3A was labeled with succinimidyl alkyne (Invitrogen), and various concentrations of labeled C1q/Wnt3A were mixed with 500 fmol (21.65 ng) of Fz8/Fc in a volume of 100 ml (5 nM). C1q/Wnt3A that bound to Fz8/Fc was coprecipitated with protein G, eluted, quantified by ELISA using biotinazide and HRP-streptavidin, and shown as the molar that binds specifically to 1 mg of Fz8/Fc. Unbound C1q/Wnt3A was collected and also quantified by ELISA.
Cell Proliferation Assay
Proliferation of cultured satellite cells and fibroblasts derived from skeletal muscle was assayed using Cell Proliferation ELISA, BrdU (Colorimetric) (Roche). Different durations of BrdU labeling time between satellite cells and fibroblasts are due to their difference in proliferative capacity.
Soluble Collagen Assay
Collagen content in culture media was assayed using Sircoll Collagen Assay (Biocolor). Tissue collagen content was assessed in the same manner after extraction of salt-soluble collagens using extraction buffer (50 mM Tris and 1.0 M NaCl plus protease inhibitors).
Animals
All protocols were approved by the Institutional Animal Care and Use Committee of Chiba University and Osaka University. TOPGAL mice were from Jackson laboratory. C1qa-deficient mice (Botto et al., 1998 ) and C3-deficient mice (Wessels et al., 1995) were previously described. Mice backcrossed to C57BL/6 background were used.
Statistical Analysis
Data are expressed as mean ±SD. The significance of differences among means was evaluated using analysis of variance (ANOVA), followed by (F) Immunostaining of skeletal muscle after cryoinjury. Tissue samples were harvested 5 days after injury and immunostained as in (B). Three wild-type mice (six samples) and two C1qa-deficient mice (four samples) were used, and representative figures are shown. Impaired skeletal muscle regeneration in aged mice was restored by M241 treatment, but not by BB5.1 treatment, and was not observed in C1qa-deficient mice. Scale bar, 150 mm. (G) Expression of Col3a1 gene. RNA was extracted 3 days after cryoinjury. The expression of Col3a1 gene was reduced by M241 treatment or in C1qa-deficient mice, but not by BB5.1 treatment. Data are presented as mean ±SD. *p < 0.01 versus aged WT PBS (n = 4). (H) Soluble collagen content in skeletal muscle. Samples were harvested 5 days after cryoinjury. Soluble collagen content was attenuated by M241 treatment or in C1qa-deficient mice, but not by BB5.1 treatment. Data are presented as mean ±SD. *p < 0.01 versus aged WT PBS (n = 6).
Mann-Whitney's U test or Fisher's PLSD test for comparisons. Significant differences were defined as p < 0.05.
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